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Introduction
Sustainable production of hydrogen, as a clean energy carrier and an important reactant in numerous chemical and metallurgical processes, could alleviate growing concerns about the world's energy supply, security, air pollution and greenhouse gas emissions [1] [2] [3] . In most industries, hydrogen is being generated through steam reforming or partial oxidation of natural gas in classical carbon-inefficient parallel fixed bed reactors with downstream purification by pressure swing adsorption (PSA). With fluidized bed membrane reactors (FBMRs), a better performance for the production of pure hydrogen can be achieved, and have thus been attracting increasing attention over the past decade [4] .
Many novel concepts of fluidized bed membrane reactors for hydrogen production through autothermal reforming of hydrocarbons have been developed, in most cases employing palladium-based membranes for hydrogen extraction and feeding pure oxygen directly [4] . Perovskite membrane-assisted fluidized bed reactors (PMAFBRs) combine the advantages of both fluidized bed operation and O 2 separation via perm-selective membranes, i.e. better mass and heat transfer characteristics and selective feeding of O 2 for autothermal reforming, advoiding a separate costly cryogenic air separation unit. Some experimental tests with perovskite membrane-assisted packed bed reactors have been reported for the partial oxidation of methane [5] [6] [7] , but few studies report experimental tests for autothermal reforming of hydrocarbons in PMAFBRs because of current technical limitations of membrane technologies, in particular issues related to membrane and sealing stability [3, 8, 9] . In particular, mechanical stability of the membrane could be reduced by the attrition of the particles moving in the fluidized bed. This should be better studied in a long term experimental work. However, the potential benefits of the PMAFBR system can be explored and quantified through reactor modeling, beyond the range of parameters that can currently be studied experimentally in view of the mentioned technological, economic and safety limitations, which is the objective of this paper.
Methane steam reforming is endothermic, whereas water-gas-shift is [18] . In a few publications the CH 4 conversion and H 2 yield without and with perovskite membranes have been compared using reactor modeling, showing that the perovskite membrane reactors can achieve much higher H 2 yields [19] [20] [21] . Chen and Elnashaie [22] simulated two configurations of circulating PMAFBRs for autothemal reforming of heavy hydrocarbons, and explored the effect of the number of perovskite membranes on the reactor performance. Patil et al. [9] designed a membrane fluidized bed reactor with a power output of 100-200 W using two zones and two types of membranes. Dense perovskite membranes are inserted in the partial oxidation bottom section (900-1000°C), and palladium-based membranes are located in the steam reforming top section (500-600°C). A reactor model was developed and the effect of hydrogen removal was investigated, assuming that all reactions take place in the emulsion phase. Abashar and Elnashaie [23] have used a model to systematically investigate the influence of O 2 distribution by employing discrete injection points along the height of the reformer. Their simulation results showed that the staged distributive feeding of O 2 promotes the shift of the thermodynamic equilibrium and improves the H 2 yield.
In this work, two three-phase models are developed for PMAFBRs according to a different description of the mass transfer between the perovskite membranes and the three phases, where reactions can occur in all three phases, assuming that the cloud and emulsion phases are at minimum fluidization conditions. The modeling of the O 2 flux through the O 2 perm-selective membranes is based on experimental data obtained for a BaCo 0.4 Fe 0.4 Zr 0.2 O 3−δ (BCFZ) perovskite capillary membrane supported on an Al 2 O 3 tube. The results for the autothermal reforming of methane with the two reactor models are compared for a fluidized bed reactor with and without perovskite membranes. Furthermore, the impact of the operating conditions, viz. operating temperature, fluidization velocity and operating pressure, on the reactor performance are investigated.
Model development

Membrane modeling
The O 2 permeation flux through a perovskite membrane tube was fitted to experimental data using a 1D model developed in Matlab, considering a membrane tube as illustrated in Fig. 1 and using the following assumptions:
1. The membrane module operates at steady state under isothermal conditions. 2. Axial diffusion is negligible (Pe number > 1). 3. Ideal gas law is applicable. 4. Reactions take place on the membrane surface. 5. The flux expression by Xu and Thomson [24] , see Eq. (1), is used to describe the O 2 permeation through the membrane:
( 1) where k f and k r are constants for the surface reaction rates at both sides of the membrane, D v is the diffusion coefficient of O 2 vacancies, n is the pressure order, which depends on the membrane thickness and Table 2 Comparison of D v , k r , and k f in terms of pre-exponential coefficient and activation energy.
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Where ρ c is catalyst mass per unit phase volume. p i is partial pressure of i th component. 3a Subscript of the parameter k in Equation (4) for the reaction rate of methane combustion. 3b Subscript of the parameter k in Equation (4) for the reverse reaction rate of methane combustion.
supported by an alumina tube, sealed by gold paste (MaTecK 902904, 85-90% Au) and glass powder (Schott 8252 dissolved in pure ethanol). As sweep gas, helium (99.995%) was fed into the membrane tube with a flow rate in the range F He = 0.075-0.6 SL min −1 . The membrane module was kept under ambient pressure, so that the absolute partial pressure of O 2 at the retentate side P HO2 = 0.21 bar. The permeate side was connected with a Micro-GC (Varian CP-4900). The N 2 content in the permeate stream was always less than 0.71% for all operating conditions, thus the selectivity was high and the sealing performed well. The membrane flux model is verified with a parity plot comparing the theoretical O 2 permeation flux J O2,model with experimental data J O2,exp , shown in Fig. 2 . The developed flux expression with the parameters listed in Table 2 can well describe the experimental data with an average error of 2.8%, as shown in Table 1 . In Eq. (1), the pressure order n was set to a value of 0.5, because the membrane is sufficiently thick. The constants k f , k r , and D v have been compared with other simulation results published by others, listed in Table 2 . Under the same operating conditions, the calculated oxygen permeation fluxes with our model are somewhat higher than those using the parameters calculated by Hong et al. [27] and Xu and Thomson [24] , which can be related to differences in the membrane materials, shapes, thicknesses, and model assumptions. 
Reaction kinetics
Different kinetic models of catalytic reforming reactions are available in the literature, mainly including methane steam reforming (MSR), dry reforming of methane, oxidation of methane, and water-gasshift (WGS). Xu 
Methane combustion: 
The kinetics used in this work have been listed in Table 3 . The Arrhenius parameters, adsorption coefficients for CH 4 and O 2 , equilibrium constants for MSR and WGS, and the van't Hoff pre-exponential factors are listed in Table 4 .
Reactor modeling 2.3.1. Main model assumptions
A perovskite membrane-assisted fluidized bed reactor (PMAFBR) for hydrogen production through autothermal reforming of methane is shown schematically in Fig. 3 . Preheated CH 4 and H 2 O are mixed and fed into the reactor via a porous bottom distributor. H mf is the fluidized bed height when the inlet velocity is the minimum fluidization velocity u mf , and H f is the bed height at a higher fluidization velocity u in . A bundle of perovskite membrane tubes is inserted, assuming that all the membranes in the membrane module have the same permeation performance as the tested BCFZ membrane above and have the same length as the fluidized bed height, i.e. the membranes are submerged such that the top of the membranes is at the surface of the fluidized suspension. Pressurized and preheated air is fed into the membrane tubes with a velocity of u m . The fluidized bed contains a Ni-based catalyst with a density of 2000 kg m −3 and an equivalent diameter of 
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200 μm, thus the catalyst particle can be classified as Geldart B and intraparticle mass transfer limitations can be avoided [30] . Two models have been developed according to differences in the description of the mass transfer between the membranes and the three phases, viz. the emulsion, cloud, and bubble phases, as illustrated in the partially enlarged detail in Fig. 3 (b) .
To simplify the model, the following assumptions are made:
1) The fluidized bed contains three phases, the bubble, cloud and emulsion phase, where the mass transfer between bubble and cloud, and cloud and emulsion are given by K bc and K ce , respectively. 2) The system is isothermal and the temperatures are uniform along Table 5 An overview of the hydrodynamic parameters for the FBR and PMAFBRTable 5 (continued).
Parameter Equation Unit
Average density of gases
Viscosity for single gas [ 
Average diameter of bubbles [9] 
Average reaction rate the reactor and membrane tubes, assuming that the extra heat needed for the endothermic MSR is supplied by the exothermic combustion of part of the methane and the WGS. 3) Pressure gradients are ignored within both the reactor and the membrane tubes, and catalyst particles with a small size is selected to achieve optimal catalyst utilization. 4) The emulsion phase and cloud phase are at incipient fluidization conditions. 5) The bubble size and bubble rise velocity are assumed constant along the bed height and equal to their average values. 6) All gases are considered as ideal gases. 7) Only O 2 can permeate through the perovskite membranes. 8) No carbon formation takes place on the membrane surface.
For model 1, it is assumed that the mass transfer between the membrane and the fluidized bed only occurs via the emulsion phase, whereas for model 2, O 2 can permeate into all three phases, and the effective membrane area for the exchange between the membranes and each phase is proportional to their volume fraction. Using and comparing the results of the two models a better understanding of the effect of bubbles close to the membranes on the membrane flux and on the product selectivity can be obtained.
Hydrodynamics and mass transfer
Many three-phase models have been developed with slightly different assumptions and different definitions of the cloud phase [31] [32] [33] [34] [35] . Deshmukh et al. [36, 37] developed a model for a membrane-assisted fluidized bed reactor, which divides the fluidized bed into a series of stirred tank reactors (CSTRs). In this simplified model, the cloud phase and emulsion phase in each CSTR are assumed at minimum fluidization conditions and perfectly mixed, whereas the bubble phase is close to plug flow behaviour. In their model, the number of compartments for each phase is related to the extent of axial gas back-mixing. The bubble diameter is an important parameter for the estimation of the reactor performance of a fluidized bed reactor, since it directly affects the mass transfer rate. In this work, a porous plate distributor is employed, and the bubble diameter is calculated using the method by Mori and Wen [38] . The used hydrodynamic and mass transfer closures have been listed in Table 5 (where the influence of the membrane bundle on the hydrodynamics and mass transfer has been ignored) and the mass and enthalpy balances have been summarized in Table 6 .
Simulation results
To quantify the benefits of integrating perovskite membranes in a fluidized bed reactor and investigate the reactor performance, simulations with and without perovskite membranes are compared under the same operating conditions, the same oxygen-to-carbon and steam-tocarbon ratios. In a fluidized bed reactor without membranes, air is fed directly into the reactor from the bottom, preheated and premixed with CH 4 and H 2 O. The reactor performance is quantified in terms of CH 4 conversion, H 2 yield, and H 2 molar fraction in the exhaust stream. For a point at height h along the reactor, the CH 4 conversion (X h CH ,
2 ), and CO selectivity (S CO,h ) are defined as: Table 6 Mass balances and enthalpy balance.
Item Equation Unit
Component i bubble Table 7 An overview of the operation parameters in the base cases for FBR and PMAFBR. 
H2, , CH4,feed
When h = H f , the overall CH 4 conversion, H 2 yield, and CO selectivity are obtained.
Effect of temperature
The oxygen-to-carbon ratio r oc needed to realize autothermal operation is calculated for the base case settings listed in Table 7 using the overall enthalpy balance over the reactor inlet and outlet and is given for different operating temperatures in Fig. 4 (a) . The effects of the temperature on the CH 4 conversion, H 2 yield, and CO selectivity are shown in Fig. 4 (b)-(d) , respectively. For all the operating conditions investigated the PMAFBR accomplishes a much higher CH 4 conversion (especially at lower temperatures), a higher CO selectivity, a much higher H 2 yield and a much higher H 2 outlet fraction than the FBR, thanks to the avoidance of N 2 dilution. To achieve higher fluidized bed temperatures, a higher r oc is required and the CH 4 conversion approaches 100% for both the FBR and the PMAFBR. The H 2 yield increases with increasing temperature, reaches a maximum value and then decreases when further increasing the temperature and the CO selectivity increases with increasing temperature, corresponding to the trade-off of increased H 2 production rate at higher temperatures, but also increased CH 4 combustion to reach the higher temperatures. The required membrane area decreases for operation at higher temperatures due to the increased O 2 permeation rates, as shown in Fig. 4 (a) .
The performances of the ordinary fluidized bed reactor and the perovskite membrane-assisted fluidized bed reactor have been Table 7 ). compared for a selected base case with the operation conditions and parameters listed in Table 7 . Here the catalyst inventory, oxygen-tocarbon ratio, and steam-to-carbon ratio, etc. have been kept the same, and the influences of the distributive O 2 addition via the membranes on the reactor performance have been investigated with the two models with a different description of the mass transfer between the membranes and the fluidized bed. When r oc equals 0.514, an autothermal system with a feed temperature of 810°C and an outlet temperature of 900°C can be attained, and the simulation results are listed in Table 8 . The maximum mass balance error for the three cases is 8.88 × 10 −10 g s −1
. As can be deduced from the results shown in Table 8 , Model 1 and Model 2 give basically the same results, indicating that the mass transfer rate between the bubble and the cloud (K bc ), and the cloud and the emulsion (K ce ) are not rate limiting and are relatively fast in comparison to the reaction rates. In the following sections only the results of Model 2 for the PMAFBR will be shown.
Reactors with and without perovskite membranes have been designed and compared for a fixed H 2 production rate of 330 mol h , where the reactor temperature, pressure, and feed ratios have all been kept the same. The FBR needs a somewhat larger reactor size and a much higher CH 4 feed rate (almost 20%) to realize the same H 2 Table 7 ).
production rate, as listed in Table 9 . The effects of changes in superficial velocity and operating pressure on reactor performances are investigated in the next sections, to further optimize the reactor design.
Effect of superficial velocity
The superficial velocity is an important parameter, which influences the reactor performance to a large extent. With increasing fluidization velocities, the required membrane area increases from 0.48 m 2 to 1 m 2 . The influences of the superficial velocity on the CH 4 conversion, H 2 production rate, H 2 yield, H 2 and H 2 O outlet mole fractions are shown in Fig. 5 . As can be seen, the H 2 production can be increased by increasing the gas velocity, but at the expense of increasing CH 4 losses. Note that the reactor size was adjusted to realize the same velocity and the same CH 4 , and the u/u mf range of 6.5-11, the H 2 production rate increases from 170. 7 
Effect of pressure
Finally, the influence of the operating pressure is investigated, still using the membrane permeation parameters listed in Table 2 . The pressure in the membrane tubes has been kept equal to the pressure in the reactor. Under higher pressures, the oxygen-to-carbon ratio needed to realize autothermal condition decreases, as shown in Fig. 6 (a) . As expected, the H 2 production rate increases with increasing pressures for both the FBR and the PMAFBR, and the PMAFBR still achieves a much higher H 2 production rate than the FBR with the same superficial velocity. The H 2 yield increases with increasing pressures, while it levels off at about 3 bar for the PMAFBR, and at about 2 bar for the FBR. All three reaction rates in the three phases increase, corresponding to higher component concentrations at higher operating pressures, e.g. the average methane steam reforming rate in the emulsion phase increases from 22. 
Conclusions
The autothermal reforming in fluidized bed reactors with and without integrated O 2 perm-selective membranes has been investigated via modeling. Two three-phase reactor models for perovskite membrane-assisted fluidized bed reactors have been evaluated, having a different description of the O 2 mass transfer between the membranes and the three phases. It has been shown that both models give basically the same results, indicating that for the considered reaction system and membrane permeability the external mass transfer rate from the membranes to the bulk of the fluidized bed is not rate limiting. An overall enthalpy balance is used to calculate the required oxygen-to- Fig. 6. (a) Effects of operating pressure on (a) oxygen-to-carbon ratio needed to realize autothermal operation, (b) H 2 production rate in the FBR and PMAFBR, (c) H 2 yield and CH 4 conversion in the FBR and PMAFBR, (d) average MSR reaction rates in the emulsion phase for the FBR and PMAFBR (other operating conditions are listed in Table 7 ).
carbon ratio to achieve autothermal operation, assuming a uniform temperature throughout the fluidized bed. The required oxygen-tocarbon ratio increases with increasing system temperatures, whereas it decreases with increasing operating pressure. The reactor performance with and without integrated perovskite membranes have been compared at identical operating conditions. It has been demonstrated that perovskite membrane-assisted reactors provide clear advantages over fluidized bed reactors without membranes, yielding a higher CH 4 conversion, higher H 2 production rate, higher H 2 yield and H 2 outlet molar fraction. A design has been made for a perovskite membrane-assisted fluidized bed reactor with a H 2 production rate in the range of 220-870 mol h −1
. The influences of operating conditions, viz. temperature, superficial velocity and pressure, on the reactor performance have been investigated. Operation at higher temperatures increases the CH 4 conversion, whereas the CH 4 conversion tends to flatten when the temperature is above 900°C for the perovskite membrane reactors. The H 2 production rate and H 2 yield both increase with increasing pressures, while the H 2 yield levels off at about 3 bar. With an increase in the fluidization velocity, the H 2 production rate increases at the expense of a lower CH 4 conversion. Thus, a trade-off should be made when selecting the optimal fluidization velocity.
